Osteoporosis is a chronic systemic disease characterised by bone loss and microarchitectural deterioration. Since the underlying regulatory mechanisms are still not fully understood and treatment options are not satisfactorily resolved, massive efforts are underway to further investigate this critical illness. Large animal models are stipulated, e.g. by the Food and Drug Administration, for preclinical prevention and intervention studies related to osteoporosis research; in this context, the ewe has already proven its value for orthopaedic research. Although oestrogen deficiency doubtless influences bone metabolism in sheep, the ovariectomised ewe seems unsuitable as a model for postmenopausal osteoporosis and bone loss induction due to its unreliable impact on bone mass and structure. In contrast, glucocorticoid treatment has a major impact on bone turnover and leads to bone conditions comparable to those found in steroid-treated humans. However, adverse side effects can be dramatic resulting in unacceptable discomfort and illness of the experimental animals. Further improvements are therefore essential to judge this model as ethically appropriate. Additionally, models for osteoporosis induced by surgical interventions of central regulatory mechanisms seem to be attractive, as remarkable bone loss is induced by only one surgical procedure without any further treatment. Taken together, different ewe models for osteoporosis have been successfully established and are invaluable for orthopaedic research. However, the search for a 'perfect' large remodelling animal model -in terms of mimicking the human disease and compatibility of bone loss, and without ethical concerns -is still on-going.
Introduction
Osteoporosis is a chronic systemic disease characterised by bone loss and by microarchitectural deterioration, leading to skeletal fragility associated with an increased risk of fractures. Whereas secondary osteoporosis is caused by recognisable factors -such as glucocorticoid therapy, gastrointestinal disorders or immobilisationthe underlying causes of the far more common primary osteoporosis (~90 %) remain unclear (Kalu, 1999) . This socially and economically dramatic health problem in Western society is going to be even more critical as a result of demographic changes (Melton, 2003; Riggs and Melton, 1986) . For example, Chrischilles et al. (1991) calculated that every second white woman above 50 years of age would suffer from an osteoporotic fracture during her remaining lifetime, followed by disability, increased mortality and financial burden. Not only women, but also every third man will suffer from osteoporotic fractures during their lifetime (Ross, 1996) . Since the underlying regulatory mechanisms of the characteristic bone mass and structural impairments are still not fully understood and treatment options -surgical as well as non-surgical -are still not satisfactorily resolved, massive efforts are underway to further investigate this critical illness.
In vitro analyses of different bone cell types are helpful in answering important questions at the molecular biological level; however, they are not able to address the important interactions of various organ systems, or structural and biomechanical issues. Although animal models are doubtless essential at this time, "if a disease or condition is not fully understood, how can one design a good animal model of the disease? This is the animal model paradox" (Kalu, 1999) . Therefore, even animal models representing only some aspects of the respective human condition may be useful (Hazzard et al., 1992) . Indeed, each animal model can -by its nature -only mimic certain aspects of human diseases.
Small animal models -especially rodents -are attractive for studying bone metabolism and disorders using specific modifications of their genetic background. Moreover, in contrast to large animal models, these experiments are less costly and time-consuming. Nevertheless, there are important issues that cannot be fully addressed in small animal models, such as metaphyseal fracture healing or advancement of orthopaedic implants. Furthermore, the American Food and Drug Administration (FDA) recommends ovariectomised animals as the preferred model for bone loss research (Thompson et al., 1995) .
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Following the guidelines of the World Health Organisation (WHO), drug effects must be demonstrated in appropriate animal models for osteoporosis (Bonjour et al., 1999) .
Among other large animal models -e.g. dogs, pigs, goats and non-human primates -sheep have proven invaluable in orthopaedic research (Reinwald and Burr, 2008; Pearce et al., 2007) . Due to their size, large animals -and sheep in particular -are convenient for studying orthopaedic implants comparable to those used in humans (Rocca et al., 2002; Borsari et al., 2007) . In addition, their size allows investigation of structure, fractures and fracture healing of the metaphyseal bone -the 'hot-spot' area of osteoporotic fractures (Riggs and Melton, 1986) . Furthermore, repeated histomorphometric analyses using substantial blood and urine samples, as well as iliac crest biopsies, can be performed (Turner, 2002) .
With this review article, we aimed at discussing the pros and cons of the ewe as a model for human bone loss/osteoporosis. Thereby we paid particular attention to differences between various models in terms of bone loss, handling, costs and last but not least animal welfare. Furthermore, the field has changed substantially since the last reviews were published. The introduction of centrally controlled bone loss models is the most obvious novelty in this field. Additionally, ethical concerns changed during the past decades, which is why there is a need for a much more critical view on all animal models, particularly on glucocorticoid models.
Characteristics
Female sheep (ewes) are attractive to work with because of their "docile compliant nature" (Turner, 2002) . They have simple husbandry needs, costs of acquisition and maintenance are low, and aged animals (> 6 years) are available in large numbers (Newman et al., 1995; Kalu, 1999) . Last, but not least, ethical and societal implications are generally not sensitive compared to other large animal models (Reinwald and Burr, 2008) . Many different sheep breeds have been used for scientific research such as Corriedale (Pogoda et al., 2006; Beil et al., 2012) , Merino Ding et al., 2010) , Dorset (Newton et al., 2004) , Swiss White Alpine Egermann et al., 2011) and Swiss Mountain sheep (Lill et al., 2002) , whereas some studies were designed using mixed breeds (Kennedy et al., 2008; Holland et al., 2011) . Since the characteristics of different sheep breeds may vary significantly -according to their adaptation to specific environmental conditions -it is not recommended to use mixed breeds. For the same reason experimental results may vary considerably between different breeds.
Oestrous cycles
Spontaneous menopause is typically found only in humans, Old World monkeys and great apes; most other mammalian species experience lifelong oestrous cycles (Sone et al., 2007; Reinwald and Burr, 2008) . Therefore, accelerated bone-loss caused by oestrogen deficiency cannot be observed naturally in non-human mammals (Turner, 2002) . Sheep, in particular, are predominantly polyoestrous/ seasonal short day breeders with high oestrogen levels in autumn and winter and low oestrogen levels in spring and summer. However, some breeds (e.g. Merinos) cycle almost year-round (O'Connell, 1999) , which might be beneficial in minimising seasonal influences on bone mass. The importance of oestrogen and its influence on bone turnover is in every case markedly less pronounced in sheep in comparison to woman. Although oestrogen-dependent reproductive cycles are found in woman and ewe, cycle characteristics vary significantly between both species (e.g. cycle length (days): woman 28 vs. ewe 17; approximate oestrogen peak (pg/mL): woman 300-600 vs. ewe 8-10) (Goodman, 1994; Reinwald and Burr, 2008) . Moreover, animals with rare cycles and/or low oestrogen levels barely show significant effects on bone mass or structure after ovariectomy (see below). Animal model for osteoporosis Bone metabolism and structure In contrast to small animals -such as rodents -bone structure of sheep is comparable to those of humans. In particular, trabecular and cortical bone is found in ewes with Haversian systems, as well as bone remodelling performed by bone multicellular units (BMUs) (Arens et al., 2007; Reinwald and Burr, 2008; Kalu, 1999) (Fig. 1) . As in other rapidly growing large animals, the cortical bone of young sheep is plexiform (Hornby et al., 1995; Newman et al., 1995; Turner, 2002) . It is characterised by a combination of woven and lamellar bone and allows the animals to grow rapidly under optimal mechanical properties (Turner, 2002) . Although there are functional similarities between plexiform and lamellar bone, deposition and organisation of plexiform bone shows distinct differences (Newman et al., 1995) . Older sheep (~1 year) show bone remodelling with well-developed Haversian systems (Hornby et al., 1995; Newman et al., 1995; Mori et al., 2005; Kalu, 1999) . However, remodelling of all primary osteonal bone is not observed until 7-9 years of age (Turner, 2002; Pearce et al., 2007; Reinwald and Burr, 2008) . Bone formation in mammalians is characterised by rapid deposition of less oriented primary bone, followed by a slower formation of formed -lamellar -secondary bone (Currey, 2002) . Due to recent findings, the same mechanisms seem to be relevant in fracture healing (Shapiro, 2008; Liu et al., 2010) . In rapidly growing animals, such as sheep, these mechanisms are found to be particularly evident (Mori et al., 2007) . That is why the sheep is indeed one of the favourite models for studying fracture healing in vivo (Claes et al., 1998; Manjubala et al., 2009; Checa et al., 2011; Kerschnitzki et al., 2011; Witt et al., 2011) .
The relevance of biochemical bone markers such as alkaline phosphatase, osteocalcin or crosslinks for monitoring bone turnover in mammalians is well known and could also be demonstrated in sheep (Arens et al., 2007; Ding et al., 2010) . Comparison of bone turnover parameters reflects ≥ six-fold higher remodelling speed in sheep compared to humans (Corlett et al., 1990) , thus one year of bone remodelling in sheep probably corresponds to 5-10 years in humans (Pastoureau et al., 1988; .
Seasonal changes of bone mineral density (BMD)
Seasonal changes of BMD in humans, with lower bone mass during winter and higher bone mass in summer are well described (Rosen et al., 1994; Aitken et al., 1973; Bergstralh et al., 1990; Hyldstrup et al., 1986; Krolner, 1983) . Different groups have demonstrated that BMD and bone turnover parameters also change significantly in sheep throughout the year (Hornby et al., 1995; Chavassieux et al., 1991) . Arens et al. (2007) stated that nearly half of BMD changes of up to 10 % following ovariectomy, may in fact be caused by seasonal changes, and therefore appropriate control groups are essential and experiments should -whenever possible -span all four seasons to minimise these effects (Turner, 2002) .
Furthermore, it has to be taken into account that BMD and bone mineral content (BMC) are significantly higher in sheep compared to humans. Aerssens et al. (1998) Mean BMC values in sheep were also found to be increased by two-to four-fold (human ~80 mg, sheep ~240 mg). These structural changes result in an even more pronounced increase in mechanical stability (fracture stress (N/mm 2 ) human vs. sheep: ~1.2 vs. ~13.2 = ten-fold); the latter might explain why even ewes with marked bone-loss still show relatively high BMD and BMC values, and osteoporotic fractures have not been reported in these animals.
Of note
In all quadrupeds, it is obvious that the static and biomechanical loads -especially of the spine -are different from those in humans (Reinwald and Burr, 2008) . In particular, the lumbar spine of ewes is slightly kyphotic rather than lordotic (Wilke et al., 1997) and cancellous BMD can reach extraordinary levels (400-600 mg/cm 3 ) (Aerssens et al., 1998) (Fig. 2) . In addition, positioning of the femoral neck region, in particular (Turner, 2002) , but also the spine (Deloffre et al., 1995) , on the Dual-energy X-ray absorptiometry (DXA) for measuring BMD can be technically difficult.
A major disadvantage of the ewe as an animal model is the different gastrointestinal system characterised by a complex four-compartment stomach (herbivore/ruminant). It is therefore not suitable for studies dealing with orally administered drugs or studies in which oral absorption of any agent is of major interest (Turner, 2002; Reinwald and Burr, 2008) .
Another difference to human physiology is phosphorus metabolism. In contrast to humans, the gastrointestinal tract of sheep is the major route for phosphate elimination, which results in a minimal urinary excretion of phosphate (O'Connell, 1999) . Furthermore, drug dosages and clearance rates can be difficult to calculate since the cort. -cortical, DXA -Dual-energy X-ray absorptiometry, Histo -Histomorphometry, HPD -hypothalamo-pituitary disconnection, ICV -intracerebroventricular, µCT -micro computed tomography, pQCT -peripheral quantitative computed tomography, prox. -proximal, ROI -region of interest, sig. -significant, trab. -trabecular, "-" -no data provided.
body weight of sheep can be significantly influenced by rumen fluid (~10 %) and fleece and pelt weight (~10 %) (Mahmood et al., 2006) . Dietary considerations play an important role as well, since the feed can be rich in calcium and/or leguminous silages. These silages can be rich in phyto-oestrogenic compounds, which act as selective oestrogen receptor modulators (SERMs) and therefore interfere with the hormonal regulation of bone mass (Chavassieux et al., 2001; Reinwald and Burr, 2008) . Taken together, the ewe is an appropriate and attractive model for bone disorders in general and osteoporosis in particular; however, results of experiments have to be interpreted against the background of strain, age, season, diet, skeletal site and hormone-cycle characteristics, and appropriate controls are crucial. Furthermore, besides the magnitude of bone loss, animal welfare is becoming increasingly important to society as well as scientists.
Ewe models for osteoporosis
As mentioned above, the sheep is well established as a model for human bone loss/osteoporosis in orthopaedic research. Predominantly aged or ovariectomised ewes, as well as glucocorticoid sheep models, have been used in the past for studying bone metabolism and implants. Up to date there are several sheep studies published focussing on fracture healing (Claes et al., 1998; Manjubala et al., 2009) and orthopaedic implant/bone substitute research (Cunin et al., 2000; Fini et al., 2003; Stadelmann et al., 2008; Verron et al., 2010; Babiker et al., 2012; Shapiro et al., 2012) . Furthermore, vertebral (Thomas et al., 2008) and dental implants (Ferguson et al., 2008) as well as antiosteoporotic drugs, such as parathyroid hormone (PTH 1-34) and SERMs (Delmas et al., 1995; Chavassieux et al., 2001) , have also been successfully studied in sheep. On the following pages, different sheep models for bone loss induction will be introduced and compared.
Immobilisation
Sufficient immobilisation of an extremity in sheep can be achieved by the use of an external fixator. This approach is suitable to induce a significant reduction of BMD of local cancellous bone (calcaneus) of up to 20 % . This reduction was also found when the ewes were allowed to bear the leg with full-weight for 20 min per day. However, besides the need of a surgical approach and custom-made implants, the impairment of movement and comfort of the sheep is a disadvantage of this model. In addition, the observed changes in bone mass and structure are only found locally and not systemically as would be seen in osteoporotic patients.
Other groups have used movement restriction to further pronounce bone loss in sheep, initially induced by ovariectomy combined with glucocorticoid-therapy (Goldhahn et al., 2005; . In our opinion, the marked impact on bone mass and structure by this general movement restriction cannot be judged objectively and impairs animal welfare and thus should be avoided (Table  1) .
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Ovariectomy (OVX)
The ovariectomy in sheep is a simple and safe surgical approach. Although BMD reduction is reported 6 months after OVX in the lumbar spine and 3 months after OVX in the distal radius , long-term studies questioned the sustainability of the described bone loss. Several groups demonstrated that the bone loss of extremities and lumbar spine induced by OVX reaches a maximum after 3-4 months; thereafter, BMD levels and bone turnover markers stabilised and returned to pre-OVX levels around 6 months after OVX MacLeay et al., 2004a; Pogoda et al., 2006; . Histomorphometric analyses by our group could show that in sheep, 3 months after OVX, an increase in bone resorption is compensated for by a simultaneous increase in bone formation, explaining the observed rebound effect (Pogoda et al., 2006) . demonstrated that the apoptosis rate of osteocytes in ewes 12 and 31 months after OVX was significantly increased, whereas mean length and density of micro-cracks were not significantly changed in comparison to untreated controls.
Although Kennedy et al. (2008) could not find BMD changes even 12 months after OVX but only an increased bone turnover, other groups could show significant changes in bone mass and micro-structural parameters of ewes at this time (Johnson et al., 2002; Newton et al., 2004; Holland et al., 2011) . This potential long-term effect of OVX was supported by data from 24-monthtrials that reported significant changes in structural parameters (trabecular thickness and number), as well as biomechanical properties (maximum load, strength and elastic modules) in OVX ewes in comparison to control animals (Fini et al., 2000; Giavaresi et al., 2001) . Furthermore, the relevance of hormonal influences on bone metabolism in sheep is underlined by the fact that oestrogen therapy, as well as therapy with selective oestrogen receptor modulators (SERMs), is able to significantly increase bone mass in sheep Chavassieux et al., 2001) . SERMs act differently on oestrogen receptors in various tissues and are therefore neither pure agonists nor pure antagonists. Some SERMs -such as Raloxifen -act as oestrogen agonists in bone but as antagonists in breast and uterus tissue, which is why they are advantageous in the treatment of postmenopausal osteoporosis as they mimic positive oestrogen effects on bone by avoiding negative effects on breast and uterus tissue (cancer risk).
In any case, the study design should take into account that most sheep breed seasonally, thus sensitivity of bone metabolism on oestrogen deficiency varies with the season (Healy et al., 2010) .
In conclusion, the influence of oestrogen on bone metabolism in ewes seems to be comparable to those in humans, although significant changes in bone mass and/ or structural parameters are due to a distinct compensation mechanism difficult to predict. As described above, ovariectomy in sheep leads to rapid and significant bone loss within the first 3 months after OVX; this effect is compensated within the first 12 months after surgery, most likely due to an increase in bone formation. Some studies suggest that ovariectomy might result in significant impairment of bone mass and microarchitecture after long term (≥12 months). However, contrary data for this timeperiod have also been published. This issue underlines the importance of considering seasonal changes of BMD in ewes when interpreting experimental data (Table 1) .
Glucocorticoids
Glucocorticoid therapy in sheep leads to bone loss and microarchitectural changes with biomechanical impairment comparable to that described in humans (Chavassieux et al., 1993; Ding et al., 2010) . This model is probably the most common sheep model for osteoporosis and has been shown to affect cortical as well as trabecular bone (Lill et al., 2002; Schorlemmer et al., 2003) . Different glucocorticoid application regimes are used, such as daily injections of 0.6 mg/kg prednisolone (Ding et al., 2010; Augat et al., 2003) or 15-25 mg methylprednisolone (Deloffre et al., 1995; Lill et al., 2002) , versus 500 mg methylprednisolone every 3 weeks (Klopfenstein Bregger et al., 2007) . These regimes induce significant impairment of bone mass and structure, and subsequently mechanical qualities as well as bone turnover parameters after several (~6) months. For example, bone volume, defined as bone volume/tissue volume (BV/TV), of the lumbar spine was found to have declined by 35-50 % in comparison to the control group (Lill et al., 2002; Schorlemmer et al., 2003) . Ding et al. (2010) demonstrated that this glucocorticoid effect cannot be prevented by an intact oestrous cycle. In particular, ewes without OVX also show a significant impact on bone mass.
Advantages of this approach are the ease and reliability of induction of pronounced bone loss. However, there are two major disadvantages: firstly, the sustainability of the bone mass and structural changes depends on continued glucocorticoid injections (Ding et al., 2010; Goldhahn et al., 2005) ; secondly, severe side effects such as massive infections and hair-loss may occur, especially in high-dose regimes (Ding et al., 2010; Lill et al., 2002; Schorlemmer et al., 2003; Goldhahn et al., 2005) . As these severe side effects cannot be overlooked , efforts to improve this model were undertaken by different groups. Klopfenstein Bregger et al. (2007) showed that adverse side effects can be reduced by decreasing the number of glucocorticoid administrations (using equal total amounts) without reducing the impact on bone.
In conclusion, glucocorticoid therapy in ewes induces significant-to-dramatic reduction of BMD, and microarchitectural deterioration after several (~6) months; this is comparable to conditions found in glucocorticoidtreated humans. Disadvantages of this model include the distinctly compromised animal welfare, especially in treatment regimes based on daily injections of highdose methyl-/prednisone. The latter not only constitutes ethical concerns but also extremely limits the value of this model, as systemic side effects preclude studying skeletal physiology in bone loss situations. Further studies are necessary to improve study designs in terms of glucocorticoid dosage and application interval to reduce severe adverse effects (Table 1) .
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Diet
Calcium and vitamin D restriction is often supportively used to negatively influence bone turnover in sheep. Lill et al. (2002) established for instance a restricted diet containing 1.5 g calcium and 100 IU vitamin D3 per day, whereas the standard feed contains 5 g calcium and 1000 IU vitamin D3 per day. If this regime is augmented by OVX and glucocorticoid therapy, the impact on bone mass is dramatic. After 6 months of treatment decline of BV/TV by 60-80 % and BMD reduction of up to 60 % is reported for this triple combination in comparison to control (Lill et al., 2002; Augat et al., 2003; Schorlemmer et al., 2003; Zarrinkalam et al., 2012; Veigel et al., 2011) . In contrast, the impact on bone metabolism by dietary restriction in combination with OVX alone is limited as reported by Lill et al. (2002) -decrease of BMD of ~5 % in cortical bone and ~7 % in cancellous bone of the distal radius of two sheep in comparison to control. Additionally, MacLeay et al. (2004b) showed that dietary-induced metabolic acidosis (DIMA) alone or in combination with OVX is also able to influence bone turnover. Metabolic acidosis was in this model induced by limiting the amount of potassium and adding magnesium, sodium, sulphur and chloride to the diet. The compensated metabolic acidosis was monitored by measurements of arterial pH values. After 6 months of treatment, BMD of the lumbar spine measured by DXA was found reduced by about 15 % in combination with OVX. However, diet alone could not reduce the BMD significantly, but only influence bone turnover parameters.
Taken together, the impact on bone mass by just dietary measures seems to be limited and strict diet regimes can, in general, only be implemented if the sheep are housed 'inhouse' or even in metabolic cages. The latter, in particular, impairs the comfort of the animals. Moreover, further studies are necessary to improve study designs in terms of dietary specifications and duration (Table 1) .
Polypragmatic concepts
To prevent protective effects of oestrogen on bone loss, ovariectomy became a standard procedure in almost every model for bone loss induction. However, in our opinion polypragmatic regimes, such as combination of OVX + glucocorticoid therapy + diet restriction + movement restriction (Goldhahn et al., 2005; can never be justified by any gain of knowledge. As noted by Egermann et al. (2008) , "the severity of the side-effects cannot be overlooked", but the side effects induced by massive therapeutic interventions cannot be accepted, thus these models are doubtless obsolete. Since all experts in the field understand this, efforts to improve these models are underway (Klopfenstein Bregger et al., 2007) . Furthermore, various influences on bone metabolism complicate the already complex system of bone regulation in mammals -rather than simplify it -and this should be part of animal models (Table 1) .
Central bone regulation
Experiments in rodents allowed us to gain a deeper understanding of central bone regulation. Leptin, in particular, became very attractive as a potential candidate for further investigations of this superordinate system (Foldes et al., 1992; Mathey et al., 2002; Tamasi et al., 2003; Thomas, 2003; Martin et al., 2005) . To answer the question whether leptin is also important in bone regulation in large remodelling animals, Pogoda et al. (2006) implemented an ewe model consisting of intracerebroventricular (ICV) application of recombinant leptin . After 3 months of treatment, the ICV leptin ewes showed a significant decline in bone formation of ~70 % and BV/TV reduction of ~45 % in comparison with controls, whereas mechanical properties (torsional stiffness, failure load) did not change significantly. Although this model generated essential insights into central bone regulation, it is not appropriate as a regular model for studying osteoporosis. Disadvantages include the high costs of recombinant leptin, meaning experiments over a period of 6 or even 12 months are simply not affordable. Furthermore, surgery is very demanding and depends on special neurosurgical equipment, such as a stereotactic frame and intra-operative X-ray visualisation of the ventricle system. Subsequently, our group implemented a central controlled model for low turnover osteoporosis beyond the leptin signalling pathway by surgical disconnection of the hypothaloma-pituitary axis (HPD) . This demanding surgical approach is sufficient to implement a profound bone loss that affects both cortical (reduction of cortical thickness of femur ~30 %) and trabecular bone (reduction of BV/TV of iliac crest ~35 %). Histomorphometric analyses indicated that the observed bone loss is due to a maximised low turnover situation with simultaneously depressed osteoblast and osteoclast function. The pronounced bone loss developed continuously over time and was sustained without any further treatment (Fig. 3) . The latter fact is very important in reducing experimental costs and manpower, as well as improving animal welfare. However, surgical disconnection of the pituitary gland from the hypothalamus leads obviously to several systemic alterations, such as hormonal changes of gonadotropin (LH, FSH), thyroid hormones (T3, T4), insulin-like growth factor 1 (IGF-1), cortisol, and leptin . These systemic interactions need to be considered when interpreting results generated in this model. Another large animal model for central bone regulation is based on melatonin deficiency caused by surgical pinealectomy (Egermann et al., 2011) . Melatonin is secreted centrally by the pineal gland but also by bone marrow cells (Conti et al., 2000) and is therefore potentially able to play an important role in regulation of bone metabolism (Cardinali et al., 2003) . It has already been demonstrated that melatonin has a significant influence on osteoblast activity, proliferation and differentiation (Roth et al., 1999; Radio et al., 2006) as well as on BMD and bone structure (Koyama et al., 2002) . Egermann et al. (2011) described a ewe model of osteoporosis after pinealectomy, with or without combination of OVX. After 6 months, significant reduction of BV/TV of ~10 % of the iliac crest was observed in comparison to control. The BMD of the distal radius declined by ~15 % during an observation of 30 months. A smaller, but still significant, reduction in BV/TV and BMD could be observed in pinealectomised animals without OVX. Although the reduction of BMD and BV/TV was small in this model, the decrease was significant, and beside the initial surgical approach, no other treatment was performed; this is -similar to the HPD-model -beneficial to animal welfare and cost reduction (Table 1) .
Sheep models of centrally induced bone loss are doubtless very complex systems and due to their polysystemic changes hardly comparable to the situation found in patients suffering from postmenopausal osteoporosis. Nevertheless, these models might be valuable for studying new implants and/or bone substitutes due their significant and reliable bone loss. On the other hand, it is quite conceivable that anti-osteoporotic drugs might also be tested in these models. As it is recommended for all animal models, thorough characterisation of the model is in this case of crucial importance. The HPD model, for example, Animal model for osteoporosis seems attractive to study effects of anti-osteoporotic drugs in a pronounced low-turnover situation, in contrast to the high-turnover situation typically found in patients suffering from postmenopausal osteoporosis.
Conclusion
Although many issues in bone research can be addressed in vitro or in rodent animal models, some questions can only be discussed against the background of a complex mammalian system of large remodelling animals, and sometimes size does matter e.g. for orthopaedic implants.
The ewe is -due to its similarities in bone structure, metabolism and hormonal regulation -a suitable large animal model for human bone disorders and has already proven its great value for this research in many different studies. Furthermore, sheep have simple husbandry needs, a compliant nature, are available in large numbers and costs for acquisition and maintenance are low. Finally yet importantly, societal and ethical implications are low compared to other large animal models. However, choosing the right ewe model should not only depend on the biggest impact on bone mass or structure but also on animal welfare. Considering that sheep are herd animals, stress can be reduced by group housing -on pasture if possible -and by avoiding daily treatment (Fig. 4) . The ovariectomised ewe as a model for osteoporosis appears unsuitable due to its unreliable rebound effect and has only minor impact on bone metabolism. However, oestrogen deficiency does have an influence on bone metabolism in sheep. Glucocorticoid treatment, on the other hand, has a major impact on bone turnover and leads to bone conditions comparable to those found in steroid-treated humans. This concept might be suitable as a model for glucocorticoid-induced osteoporosis. However, adverse side effects can be dramatic resulting in unacceptable discomfort and illness of the experimental animals, thus it is essential to further improve this model to allow it to be judged as ethically appropriate. Models for osteoporosis induced by intervention of central regulatory mechanisms have been successfully established recently and underline the important role of these mechanisms in large remodelling animals. Beside the new insights these models can give into the underlying mechanisms of central bone regulation, they appear attractive as remarkable bone loss is induced by only one surgical procedure without any further treatment (Table 2) .
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